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Protein structureThe P2X receptor is an ATP-gated cation channel expressed on the plasma membrane. The head
domain (Gln111–Val167 in the rat P2X4 receptor) regulates ATP-induced cation inﬂux. In this study,
we prepared a head domain with three disulﬁde bonds, such as the intact rat P2X4 receptor con-
tains. NMR analysis showed that the head domain possessed the same fold as in the zebraﬁsh
P2X4 receptor previously determined by crystallography. Furthermore, the inhibitory, divalent,
metal ion binding sites were determined by NMR techniques. These ﬁndings will be useful for the
design of speciﬁc inhibitors for the P2X receptor family.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The P2X4 receptor belongs to the P2X receptor family, which is
an ATP-driven ionic channel expressed on eukaryotic cells [1–3].
When ATP binds to the extracellular domain of the P2X4 receptor,
a conformational change occurs allowing the pores on the trans-
membrane region to open and cations to ﬂow into the cell, causing
activation of the cell [4]. A recent study suggested that P2X4 acti-
vation with ATP on microglial cells induced allodynic neuropathic
pain after damage to peripheral nerves from, for example, surgery,
cancer, diabetes, or infection [5–7]. Therefore, the P2X4 receptor is
a potential drug target against neuropathic pain.
Now that the tertiary and quaternary structures of the P2X4
receptor have been identiﬁed [4,8], it is possible to understand
the function of the P2X4 receptor on the basis of its structure.This structure consists of a functional homo-trimer comprising
three monomeric 40-kDa P2X4 receptors. The monomer has a
dolphin shape and comprises an extracellular head, a body, and
a ﬂuke domain. Each domain interacts with a neighbor subunit
in the homo-trimer. The head domain (Gln111–Val167 in the
rat P2X4 receptor) is a small domain of the P2X4 monomer and
possesses three of the ﬁve disulﬁde bonds in the P2X4 receptor.
The head domain is part of the ATP binding pocket. When ATP
binds to the P2X4 receptor, the head domain and the dorsal ﬁn
region from the neighboring monomer move closer to each other
and stabilize the bound ATP. This movement of the head domain
is then transmitted to the body domain and causes the trans-
membrane pores to open enabling cation inﬂux [4,9]. The head
domain is believed to play a crucial role in ATP-induced cation
inﬂux as removal of 42 residues in the head domain of the
P2X1 receptor leads to insensitivity toward ATP-dependent cation
inﬂux [10].
In this study, we prepared a rat P2X4 head domain expressed by
Escherichia coli. This domain has three disulﬁde bonds. The solution
structure was found to be similar to the head domain of the zebra-
ﬁsh P2X4 receptor previously determined by crystallography. We
also examined the binding sites of copper and zinc divalent metal
ions (Cu2+ and Zn2+), which inhibited and/or potentiated ATP-gated
cation inﬂux [11–15].
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2.1. Preparation of the extracellular domain of the P2X4 receptor in
Escherichia coli
A DNA fragment of the head domain of the rat P2X4 receptor
(rHD; sequence Gln111–Val167, as shown in Fig. 1) with a
His6-tag at the N-terminus was ampliﬁed by PCR. To remove the
N-terminal His6-tag by cyanogen bromide treatment, a methionine
was introduced between the His6-tag and rHD (Fig. 1A). TheA
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Fig. 1. Preparation of rat P2X4 head domain. (A) Primary sequences of the head doma
arrowhead indicates the cyanogen bromide cleavage site. The amino acids with gray and
P2X1 receptors, respectively. Sequences of the head domains in rat P2X1–P2X7 were align
from the SWISS-PROT database. Asterisks indicate the conserved amino acids. (B) SDS–P
(top), rHD reduced by 2-mercaptoethanol at 37 C for 2 h (middle), and rHD after treatm
rHD), 7016.7 (reduced rHD), and 5931.5 (cyanogen bromide-treated HD), respectively. (D
reduced (right) rHD was added to the membrane. (E) CD spectra of the puriﬁed and red
2 mM 2-mercaptoethanol.resultant DNA fragments were ligated into the vector pET-22b(+)
(Novagen, Darmstadt, Germany). The ligated vector was trans-
formed into the E. coli Origami strain (Novagen). The bacteria were
cultured in LB medium or M9minimal medium containing 15NH4Cl
and/or 13C-glucose. Rat HD was overexpressed by induction with
1 mM isopropyl b-D-1-thiogalactopyranoside at 20 C for 20 h.
After overexpression and sonication, the mixture was centrifuged
at 18000g for 40 min. The supernatant was added to an Ni2+-
NTA agarose column (Qiagen, Hilden, Germany), and the column
was eluted in a stepwise manner with 20 mM Tris–HCl bufferins of P2X receptors. The additional His6-tag indicates the rat P2X4 sequence. The
black backgrounds were involved in metal and suramin binding in the rat P2X4 and
ed using ClustalW2 (http://www.clustal.org/clustal2/). All sequences were obtained
AGE of puriﬁed rHD stained with silver. (C) MALDI-TOF-MS spectra of puriﬁed rHD
ent with cyanogen bromide (bottom). The theoretical masses are 7010.7 (puriﬁed
) Dot blotting for reduced and non-reduced rHD. 5 lL (1 mg/ml) of puriﬁed (left) and
uced rHD, analyzed in 20 mM Tris–HCl buffer (pH 8.0). The reduced rHD contained
Table 1
Summary of structural statistics obtained for the head domain of rat P2X4.
Number of distance and dihedral angle constraints
Total NOEs 211
Intraresidue NOEs 67
Sequential NOEs (residues i to i + 1) 82
Medium-range NOEs (residues i to i + 2, 3, 4) 22
Long-range NOEs 40
Hydrogen bond restraints 11  2
Disulﬁde bond restraints 3  3
Dihedral angle restraints (/ + w) 40 + 40
Root mean square deviation (r.m.s.d.) against the mean structure (Å)
rmsd for backbone atoms (residues 115–118, 125–133,
144–166)
0.34 ± 0.11
rmsd for heavy-chain atoms (residues 115–118, 125–133,
144–166)
0.93 ± 0.10
Target function 0.67 ± 0.05
Restraint violations
Average of upper distance (Å) 0.0150 ± 0.0013
Average of maximum upper distance (Å) 0.17 ± 0.03
Average of lower distance (Å) 0.0122 ± 0.0090
Average of maximum lower distance (Å) 0.06 ± 0.05
Average of sum of van der Waals (Å) 2.3 ± 0.1
Average of maximum van der Waals (Å) 0.28 ± 0.01
Average of torsion angle (degree) 0.9813 ± 0.1194
Average of maximum torsion angle (degree) 4.71 ± 0.39
Ramachandran analysis (%)
Residues in the most favored regions 82.6
Residues in the additional allowed regions 17.2
Residues in the generously allowed regions 0.2
Residues in the disallowed regions 0.0
Statistics are derived from a set of the 20 lowest-energy structures. Each structure
was obtained by simulated annealing and derived from a unique starting model.
Ramachandran analysis was performed by PROCHECK [20].
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onto a Super Q Toyopearl column (Tosoh, Tokyo, Japan). The pro-
tein fraction was eluted with a linear gradient from 0 to 0.25 M
NaCl in 100 ml of 20 mM Tris–HCl buffer (pH 8.0). The protein
was conﬁrmed by 15% SDS–PAGE staining silver and MALDI-TOF-
MS. MALDI-TOF-MS was performed using an Autoﬂex III mass
spectrometer (Bruker Daltonics, Bremen, Germany). A typical yield
of the rHD was 10 mg in 1 L LB medium.
2.2. CD spectrometry
The CD spectra were recorded at room temperature with a JAS-
CO J-720W CD spectropolarimeter (Jasco, Tokyo, Japan). Proteins
(10 lM) were dissolved in 20 mM Tris–HCl buffer (pH 8.0).
2.3. Dot blotting
Dot blotting was performed according to a previous paper [16].
In brief, 5 lL (1 mg/ml) of each protein solution was directly added
to the PVDF membrane. Proteins were detected using an anti-rat
P2X4 receptor monoclonal antibody and an alkali-phosphatase-
conjugated goat antimouse IgG (Bio-Rad Laboratories, Hercules,
CA, USA) as a secondary antibody.
2.4. NMR measurements
The NMR spectra were recorded at 25 C on a Varian Unity INO-
VA 600 spectrometer (Varian, Palo Alto, CA, USA). NMR samples
(0.4–0.7 mM 13C and/or 15N double-labeled rHD) were dissolved
in 10 mM acetate buffer (pH 5.0) containing 50 mM urea and 10%
D2O. A series of three-dimensional double- and triple-resonance
experiments (HNCA, HN(CO)CA, HNCBCA, CACBCONH, HNCO,
HN(CA)CO, 15N-edited TOCSY, HCCH-COSY, and HCCH-TOCSY)
were recorded for the assignment of the rHD signals. The NMRPipe
software suite [17] was used to process the data. The resonances of
each residue were assigned using Olivia (fermi.pharm.hokudai.ac.
jp).
2.5. rHD structural calculations
The NOE data from rHD were obtained from 15N- or 13C-edited
NOESY experiments carried out with a mixing time of 150 ms.
CYANA (version 2.1) [18] was used to calculate the structures. A
total of 40 / and w values were estimated using TALOS+ [19].
The distance constraints of the hydrogen and disulﬁde bonds were
incorporated by reference to the crystal structure of zebraﬁsh P2X4
[4,8]. The restraints used for the structure calculations are summa-
rized in Table 1. A total of 200 structures were obtained, and the
mean coordinates were obtained by averaging the coordinates of
the 20 structures with the lowest target function (ﬁnal average tar-
get function = 0.67 ± 0.05). Ramachandran analysis was performed
by PROCHECK [20]. The NMR data and the coordinates used for the
ensemble of NMR structures have been deposited in the BioMa-
gResBank (www.bmrb.wisc.edu) under accession number 11583
and in the PDB under accession code 2rup.
2.6. Removal of the N-terminal His6-tag by cyanogen bromide
treatment
rHD (1 mg) was dissolved in 6 M guanidine-HCl at pH 2
adjusted by HCl and was mixed with 20 mg of cyanogen bromide.
The reaction mixture was gently stirred for 24 h at room tempera-
ture. After the reaction, the cyanogen bromide was removed using
an aspirator. The cyanogen bromide-treated protein was puriﬁed
using a reverse-phase, high-performance liquid chromatography
system using a column (4.6 ID  150 mm, Symmetry300™ C43.5 lm; Waters, Milford, MA, USA). The protein was conﬁrmed
by MALDI-TOF-MS (Fig. 1C). The 1H–15N HSQC spectrum of the
cyanogen bromide treated rHD was shown in Supplementary
Fig. 1.
2.7. Cu2+ and Zn2+ titration
ITC analyses were performed using MicroCal Auto-iTC200 (GE
Healthcare, Little Chalfont, UK). Cu2+ (10 mM) was injected
(1  0.4 lL and 18  2 lL) into 10 lM rHD solution in 50 mM
Tris–HCl (pH 7.5) buffer at 25 C. The data were ﬁtted to a sin-
gle-site binding model using Origin software. We recorded the
two-dimensional 1H–15N HSQC spectra using a 0.1 mM 15N-labeled
and cyanogen bromide-treated rHD in the presence or absence of
various concentrations of Cu2+ or Zn2+, as indicated in the ﬁgure
legends (Figs. 3B and 4A).
3. Results
3.1. Preparation of the head domain of the rat P2X4 receptor
Based on the crystal structure of the zebraﬁsh P2X4 receptor,
we designated the region from Gln111 to Val167 as the head
domain (Fig. 1A). We then overexpressed the head domain of the
rat P2X4 receptor (rHD) in the Origami strain. The silver-stained
SDS–PAGE of the expressed and puriﬁed rHD is shown in Fig. 1B.
The HD of the zebraﬁsh P2X4 receptor has six cysteines that
form three disulﬁde bonds, as determined from the crystallo-
graphic structure [4,8]. We examined whether these disulﬁde
bonds were retained in the rHD. The MALDI-TOF spectra of the
puriﬁed rHD and of the rHD reduced by 2-mercaptoethanol are
shown in Fig. 1C. Although the mass of the reduced rHD was
7014, the peak of the puriﬁed rHD was 7009, indicating that the
AB C D
Fig. 2. NMR spectrum and structure of rat P2X4 head domain. (A) 1H–15N HSQC spectra of 0.4 mM rHD with His6-tag. The measurements were performed in 10 mM acetate
buffer (pH 5.0) containing 50 mM urea and 10% D2O at 25 C. Backbone NH and tryptophan NE1 resonances are labeled with their single-letter codes and residue numbers.
The box indicates the major and minor peaks of Glu154 (see text). (B) Superposition of 20 simulated annealing models of rHD (residues 111–167; PDB code, 2rup). (C) Three
disulﬁde bonds (Cys116–Cys165, Cys126–Cys149, and Cys132–Cys159) are represented in the rHD structure. (D) Superposition of the head domain of the zebraﬁsh P2X4
receptor determined by X-ray crystallography (PDB code: 4DW0; red) and that of the rat P2X4 receptor determined by NMR (blue). Superposition was performed using
PyMOL (www.pymol.org). The root mean square deviation is 1.75 Å.
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presence of disulﬁde bonds using a monoclonal antibody that we
have previously prepared [16]. This antibody is sensitive to disul-
ﬁde bond formation in the head domain. The results of dot blotting
revealed that this monoclonal antibody reacted with the puriﬁed
rHD, but not with the reduced rHD (Fig. 1D), indicating that disul-
ﬁde bonds formed in the puriﬁed rHD. In contrast, the CD spectrum
of both the puriﬁed and reduced rHD showed a random coil struc-
ture (Fig. 1E).
3.2. Solution structure of the head domain
NMR analysis was conducted to conﬁrm whether the rHD has a
folded structure. The 1H–15N HSQC spectrum of rHD (Fig. 2A) con-
sisted of dispersed and separated peaks, suggesting that rHD pos-
sesses a folded structure. We assigned the 1H, 15N, and 13C
chemical shifts of the main chain of rHD. These assignments
revealed major and minor peaks in the main-chain 1H–15N peaks
of the residues from Val146 to Thr158 and in the side chain of
Trp164. The major and minor peaks of Glu154, for example, are
shown in the box in Fig. 2A. The minor peaks gradually disap-
peared as the temperature decreased (Supplementary Fig. 2A),
indicating that a chemically minor conformation existed in this
region (Supplementary Fig. 2B). Using the chemical shift assign-
ments of a major conformation, we obtained several restraintsfor structural calculation, as shown in Table 1. A total of 200 struc-
tures were calculated, and the 20 lowest-energy structures were
selected. The ﬁnal 20 structures were superimposed on the mean
coordinate positions for the backbone atoms (N, Ca, C0) of residues
115–118, 125–133, and 144–166 of the rHD (Fig. 2B). The root
mean square deviation (r.m.s.d.) from the mean coordinate posi-
tion was 0.34 ± 0.11 Å for the well-deﬁned backbone atoms of
the residues. The formation of three disulﬁde bonds in rHD
(Cys116–Cys165, Cys126–Cys149, and Cys-132–Cys159) was rea-
sonable for the calculated structure based on the other distance
constraints (Fig. 2C). The structure of the fold in the determined
rHD was quite similar to the head domain of the zebraﬁsh P2X4
receptor. The two head domains could be superimposed on each
other with low r.m.s.d. (1.72 Å), as shown in Fig. 2D.
3.3. Divalent metal ion binding to rHD
In previous studies, the head domain was determined as a
potential binding site for the divalent metal ions, Zn2+ and Cu2+,
from site-directed mutagenesis experiments [12–14]. We ﬁrst
tried to conﬁrm whether Cu2+ ions bound to rHD, with a deletion
His6-tag using ITC. We observed an exothermic reaction during
the titration of the Cu2+ ion (Fig. 3A). Calorimetric parameters sug-
gested that the dissociation constant of the complex between the




Fig. 3. Cu2+ binding site in rHD. (A) ITC analysis of 10 lM rHD binding to 10 mM Cu2+ in 50 mM Tris–HCl (pH 7.5) buffer at 25 C. Estimated Kd value is approximately
600 lM. (B) A part of the 2D 1H–15N HSQC spectra of cyanogen bromide-treated rHD (0.1 mM) in the absence (left) and presence (right) of 0.5 mM Cu2+ at 25 C. The circles
indicate the peaks that disappeared with the addition of Cu2+. (C) The ratios of the peak intensities in the presence and absence of 0.5 mM Cu2+ ion shown for the backbone
amides as a function of sequence number. (D) Mapping of the Cu2+ binding site on the rHD. The residues that have largely decreased signal intensity upon Cu2+ ion binding are
shown in orange and the head domains are shown in light blue. The Cu2+ binding site is mapped on the rHD structure. Stick models show the residues involved in Cu2+
binding. The yellow circle shows the putative bound Cu2+ ion. The orientation is the same as in the structures in Fig. 2 (B–D). (E) The Cu2+ binding site mapped on the overall
structural models of the ATP unbound (left) and bound (right) rat P2X4 receptor. Homology modeling was conducted using Molecular Operating Environment (MOE) 2008.09
molecular modeling software (Chemical Computing Group, Montreal, Canada) based on the crystal structure of the zebraﬁsh P2X4 receptor (PDB code: 4DW0, 4DW1).
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using NMR analysis. In the presence of 0.5 mM Cu2+, several
1H–15N cross peaks disappeared (Fig. 3B). Because the Cu2+ ion is
paramagnetic, its proximity to the NMR spins causes the NMR sig-
nal to broaden. Therefore, disappearance of cross peaks indicates
that these residues are close to the Cu2+ ion. Fig. 3C shows the
ratios of the signal intensities of the HSQC 1H–15N cross peaks in
the presence and absence of 0.5 mM Cu2+. These results indicate
that the peak intensities of Thr117–Ile125, Val137–Ala145,
Cys159, Val161, and Ala162 are strongly decreased in the presence
of Cu2+. These residues are mapped on the determined rHD struc-
ture (Fig. 3D). Because the residues affected by the Cu2+ ion were
localized in one region, we postulated that this region is a metal
binding site.
As the Zn2+ ion concentration was increased to 10 mM, some
1H–15N cross peaks were slightly shifted (Fig. 4A). Therefore, theZn2+ ion also affected the conformation of the rHD. The dissociation
constants calculated from the chemical shift changes in the titra-
tion of Zn2+ ions were more than 1 mM, which is weaker than those
in the titration of Cu2+ ions. The chemical shift change of each res-
idue revealed that the binding sites of these two ions are similar
(Fig. 4B).
4. Discussion
Based on the crystal structure of the P2X4 receptor in ATP
bound and unbound states, it has been reported that the HD func-
tions as an independent domain during the open and closed con-
formations of the receptor [4]. In this study, we prepared rHD as
a separate domain closely located to the ATP binding site. Together,
the CD, MALDI-TOF MS, and NMR spectra and the reactivity against
a monoclonal antibody (Figs. 1 and 2) suggest that the expressed
AB
Fig. 4. Zn2+ binding to rHD. (A) A part of the 2D 1H–15N HSQC spectra of cyanogen
bromide-treated rHD (0.1 mM) in the absence (black) and the presence of 2 mM
(magenta), 5 mM (orange), and 10 mM (red) Zn2+ at 15 C. (B) Chemical shift
changes in the presence and the absence of 10 mM Zn2+ ions shown for the
backbone amides as a function of sequence number of rHD.
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same as the intact P2X4 receptor (Fig. 2C). The disulﬁde bonds play
an important role in the folding of the rHD structure, as deter-
mined from the reduction of the disulﬁde bond (Fig. 1D). The dele-
tion of disulﬁde bonds in the head domain leads to impairment of
ATP-dependent P2X4 receptor function [10,21]. Therefore, the
three disulﬁde bonds are used for the maintenance of head domain
structure and function.
As NMR analysis determined that the folding in the rHD struc-
ture is similar to that of the head domain of the zebraﬁsh P2X4
receptor (Fig. 2D), it is likely that the head domain structure is con-
served in P2X4 receptor homologs. In the crystal structure of zeb-
raﬁsh P2X4 receptor, the head domain structures in the ATP bound
and unbound states were very similar [4]. However, in the head
domain, particularly in the b-turn structure from Thr146 to
Thr158, the B-factor values of the Ca atoms decreased in the ATP
bound state, but not in the unbound state in zebraﬁsh P2X4 (Sup-
plementary Fig. 2C), suggesting that ATP binding suppressed the
head domain’s mobility. Our NMR spectrum of rHD in solution sug-
gests that this b-turn structure has at least two conformations,
constrained at low temperatures (Supplementary Fig. 2A). Proba-
bly, this ﬁnding is consistent with the result that ATP binding con-
strains a variety of the conformations of the head domain in
zebraﬁsh P2X4.
Metal ions affect the ATP-dependent activation of the P2X fam-
ily receptor. In the rat P2X2 receptor, ATP-dependent activity is
potentiated by Zn2+ ions because the Zn2+ ion, chelated by two
His residues in the head and dorsal ﬁn domains, ﬁxes the ATP-
bound channel in the open position [22,23]. Divalent copper and
zinc metal ions also inﬂuence P2X4 activity. To elucidate the effectof these metal ions on the P2X4 receptor, several site-directed
mutagenesis studies have been carried out [12–14]. These studies
suggest that His140 and Asp138 in the head domain are key resi-
dues involved in metal ion binding. The metal binding site identi-
ﬁed in rHD contained His140 and Asp138, as well as the acidic
residues, Glu118 and Asp121 (Fig. 3D). These residues are likely
to be deeply involved in metal binding in the head domain. These
residues are not conserved in P2X1–7 (see Fig. 1A for a comparison
of primary sequences). This observation is supported by previous
results that the effects of divalent metal ions are different among
the P2X families [15,22–26].
ATP-dependent cation inﬂux in the rat P2X4 receptor is sup-
pressed by Cu2+ ions or by a high concentration of Zn2+ ions [11].
This ﬁnding is consistent with the NMR and ITC results for rHD,
in which the Cu2+ ion was found to bind to rHD more tightly than
the Zn2+ ion. In D138A and H140A mutants, in which the metal
binding site is disrupted, the inhibitory effect of Cu2+ and Zn2+ ions
is removed [12,14]. However, the ATP-dependent cation inﬂux in
the rat P2X4 receptor is facilitated by a low concentration of Zn2+
ions [11,27]. Additionally, cation inﬂux in the D138A and H140A
mutants is potentiated by Zn2+ ions in a concentration-dependent
manner [12–14]. Considering these results, it is expected that there
is another Zn2+ binding site for potentiation in the rat P2X4 extra-
cellular domain. For example, Coddou et al. suggested that Cys132
in the head domain might be another potentiation site [14]. How-
ever, in the preset study, we were unable to ﬁnd a notable chemical
shift perturbation around Cys132 in the presence of zinc ions in
rHD.
Suramin and its derivative NF449 are speciﬁc inhibitors of the
human P2X1 receptor. Positively charged residues (Lys136–
Lys140, corresponding to Ser136–His140 in the rat P2X4 receptor,
as indicated in Fig. 1A) in the head domain contribute to the spec-
iﬁcity of the P2X1 receptor to suramin and NF449 [10,28]. The
P2X1 inhibitor binding site is in a similar position to the inhibitory
metal binding site identiﬁed in rHD. In P2X4 receptor structures,
the surface of the metal or inhibitor binding site interacted with
the body domain in the ATP bound form but not in the ATP free
form (Fig. 3E) [4]. Therefore, the binding of an inhibitory metal
ion or suramin could disrupt the formation of the ATP bound form,
resulting in inhibition of the cation inﬂux. Alternatively, as
Ala118–Ile125 (corresponding to Pro117–I125 in the rat P2X4
receptor) is a potential ATP binding site [29], these inhibitory mol-
ecules directly bind to the ATP binding site, resulting in inhibition
of ATP binding. Therefore, the head domain, particularly the metal
binding site, is a potential target for the inhibition of P2X receptors.
The sequence of the metal binding site has low similarity among
P2X1–7 receptors, and the interspeciﬁc sequence similarity is also
low (Fig. 1A). These results suggest that the metal binding site is a
potential site for a speciﬁc inhibitor against each of the P2X family
of molecules.
Acknowledgments
We thank Dr. M. Shiroishi, Graduate School of Pharmaceutical
Sciences, Kyushu University, for valuable comments, Dr. N. Ito
and Dr. T. Ikura, Research Institute for Biomedical Sciences, Tokyo
University of Science, for helping us perform ITC experiments, and
KN International and Edanz Group Ltd. for improving the English
use in our manuscript. This work was supported by Japan Society
for the Promotion of Science (JSPS) KAKENHI Grant Nos.
26293129 and 23390155 to YA and TU and by a Grant-in-Aid for
JSPS Fellows to TI. The work for the ITC measurements was sup-
ported by the Platform for Drug Discovery, Informatics, and Struc-
tural Life Science from the Ministry of Education, Culture, Sports,
Science, and Technology, Japan.
686 T. Igawa et al. / FEBS Letters 589 (2015) 680–686Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.febslet.2015.01.
034.
References
[1] Kennedy, C., Assis, T.S., Currie, A.J. and Rowan, E.G. (2003) Crossing the pain
barrier: P2 receptors as targets for novel analgesics. J. Physiol. 553, 683–694.
[2] Khakh, B.S., Burnstock, G., Kennedy, C., King, B.F., North, R.A., Seguela, P., Voigt,
M. and Humphrey, P.P. (2001) International union of pharmacology. XXIV.
Current status of the nomenclature and properties of P2X receptors and their
subunits. Pharmacol. Rev. 53, 107–118.
[3] Ralevic, V. and Burnstock, G. (1998) Receptors for purines and pyrimidines.
Pharmacol. Rev. 50, 413–492.
[4] Hattori, M. and Gouaux, E. (2012) Molecular mechanism of ATP binding and
ion channel activation in P2X receptors. Nature 485, 207–212.
[5] Nagata, K., Imai, T., Yamashita, T., Tsuda, M., Tozaki-Saitoh, H. and Inoue, K.
(2009) Antidepressants inhibit P2X4 receptor function: a possible involvement
in neuropathic pain relief. Mol. Pain 5 (20). 8069-5-20.
[6] Tsuda, M., Kuboyama, K., Inoue, T., Nagata, K., Tozaki-Saitoh, H. and Inoue, K.
(2009) Behavioral phenotypes of mice lacking purinergic P2X4 receptors in
acute and chronic pain assays. Mol. Pain 5 (28). 8069-5-28.
[7] Tsuda, M., Shigemoto-Mogami, Y., Koizumi, S., Mizokoshi, A., Kohsaka, S.,
Salter, M.W. and Inoue, K. (2003) P2X4 receptors induced in spinal microglia
gate tactile allodynia after nerve injury. Nature 424, 778–783.
[8] Kawate, T., Michel, J.C., Birdsong, W.T. and Gouaux, E. (2009) Crystal structure
of the ATP-gated P2X(4) ion channel in the closed state. Nature 460, 592–598.
[9] Huang, L.D., Fan, Y.Z., Tian, Y., Yang, Y., Liu, Y., Wang, J., Zhao, W.S., Zhou, W.C.,
Cheng, X.Y., Cao, P., Lu, X.Y. and Yu, Y. (2014) Inherent dynamics of head
domain correlates with ATP-recognition of P2X4 receptors: insights gained
from molecular simulations. PLoS ONE 9, e97528.
[10] El-Ajouz, S., Ray, D., Allsopp, R.C. and Evans, R.J. (2012) Molecular basis of
selective antagonism of the P2X1 receptor for ATP by NF449 and suramin:
contribution of basic amino acids in the cysteine-rich loop. Br. J. Pharmacol.
165, 390–400.
[11] Acuna-Castillo, C., Morales, B. and Huidobro-Toro, J.P. (2000) Zinc and copper
modulate differentially the P2X4 receptor. J. Neurochem. 74, 1529–1537.
[12] Coddou, C., Morales, B., Gonzalez, J., Grauso, M., Gordillo, F., Bull, P.,
Rassendren, F. and Huidobro-Toro, J.P. (2003) Histidine 140 plays a key role
in the inhibitory modulation of the P2X4 nucleotide receptor by copper but
not zinc. J. Biol. Chem. 278, 36777–36785.
[13] Coddou, C., Lorca, R.A., Acuna-Castillo, C., Grauso, M., Rassendren, F. and
Huidobro-Toro, J.P. (2005) Heavy metals modulate the activity of the
purinergic P2X4 receptor. Toxicol. Appl. Pharmacol. 202, 121–131.
[14] Coddou, C., Acuna-Castillo, C., Bull, P. and Huidobro-Toro, J.P. (2007)
Dissecting the facilitator and inhibitor allosteric metal sites of the P2X4receptor channel: critical roles of CYS132 for zinc potentiation and ASP138 for
copper inhibition. J. Biol. Chem. 282, 36879–36886.
[15] Coddou, C., Yan, Z., Obsil, T., Huidobro-Toro, J.P. and Stojilkovic, S.S. (2011)
Activation and regulation of purinergic P2X receptor channels. Pharmacol.
Rev. 63, 641–683.
[16] Igawa, T., Higashi, S., Abe, Y., Ohkuri, T., Tanaka, H., Morimoto, S., Yamashita,
T., Tsuda, M., Inoue, K. and Ueda, T. (2013) Preparation and characterization of
a monoclonal antibody against the refolded and functional extracellular
domain of rat P2X4 receptor. J. Biochem. 153, 275–282.
[17] Delaglio, F., Grzesiek, S., Vuister, G.W., Zhu, G., Pfeifer, J. and Bax, A. (1995)
NMRPipe: a multidimensional spectral processing system based on UNIX
pipes. J. Biomol. NMR 6, 277–293.
[18] Guntert, P. (2004) Automated NMR structure calculation with CYANA.
Methods Mol. Biol. 278, 353–378.
[19] Shen, Y., Delaglio, F., Cornilescu, G. and Bax, A. (2009) TALOS+: a hybrid
method for predicting protein backbone torsion angles from NMR chemical
shifts. J. Biomol. NMR 44, 213–223.
[20] Laskowski, R.A., Rullmannn, J.A., MacArthur, M.W., Kaptein, R. and Thornton,
J.M. (1996) AQUA and PROCHECK-NMR: programs for checking the quality of
protein structures solved by NMR. J. Biomol. NMR 8, 477–486.
[21] Rokic, M.B., Tvrdonova, V., Vavra, V., Jindrichova, M., Obsil, T., Stojilkovic, S.S.
and Zemkova, H. (2010) Roles of conserved ectodomain cysteines of the rat
P2X4 purinoreceptor in agonist binding and channel gating. Physiol. Res. 59,
927–935.
[22] Tittle, R.K., Power, J.M. and Hume, R.I. (2007) A histidine scan to probe the
ﬂexibility of the rat P2X2 receptor zinc-binding site. J. Biol. Chem. 282, 19526–
19533.
[23] Jiang, R., Taly, A., Lemoine, D., Martz, A., Cunrath, O. and Grutter, T. (2012)
Tightening of the ATP-binding sites induces the opening of P2X receptor
channels. EMBO J. 31, 2134–2143.
[24] Nagaya, N., Tittle, R.K., Saar, N., Dellal, S.S. and Hume, R.I. (2005) An
intersubunit zinc binding site in rat P2X2 receptors. J. Biol. Chem. 280,
25982–25993.
[25] Acuna-Castillo, C., Coddou, C., Bull, P., Brito, J. and Huidobro-Toro, J.P. (2007)
Differential role of extracellular histidines in copper, zinc, magnesium and
proton modulation of the P2X7 purinergic receptor. J. Neurochem. 101, 17–26.
[26] Punthambaker, S., Blum, J.A. and Hume, R.I. (2012) High potency zinc
modulation of human P2X2 receptors and low potency zinc modulation of
rat P2X2 receptors share a common molecular mechanism. J. Biol. Chem. 287,
22099–22111.
[27] Nakazawa, K. and Ohno, Y. (1997) Effects of neuroamines and divalent
cations on cloned and mutated ATP-gated channels. Eur. J. Pharmacol. 325,
101–108.
[28] Sim, J.A., Broomhead, H.E. and North, R.A. (2008) Ectodomain lysines and
suramin block of P2X1 receptors. J. Biol. Chem. 283, 29841–29846.
[29] Lorinczi, E., Bhargava, Y., Marino, S.F., Taly, A., Kaczmarek-Hajek, K., Barrantes-
Freer, A., Dutertre, S., Grutter, T., Rettinger, J. and Nicke, A. (2012) Involvement
of the cysteine-rich head domain in activation and desensitization of the P2X1
receptor. Proc. Natl. Acad. Sci. U.S.A. 109, 11396–11401.
